The highly granular calorimeter prototypes of the CALICE collaboration have provided large data samples with precise three-dimensional information on hadronic showers with steel and tungsten absorbers and silicon, scintillator and gas detector readout. From these data sets, detailed measurements of the spatial structure, including longitudinal and lateral shower profiles and of the shower substructure and time structure are extracted. Recent analyses have extended these studies to different particle species in calorimeters with scintillator readout and steel and tungsten absorbers, to energies below 10 GeV in a silicon tungsten calorimeter and have provided first studies of the shower substructure with gaseous readout and unprecedented granularity of 1 × 1 cm 2 over a full cubic meter. These results are confronted with GEANT4 simulations with different hadronic physics models. They present new challenges to the simulation codes and provide the possibility to validate and improve the simulation of hadronic interactions in high-energy physics detectors.
Introduction
The CALICE collaboration develops, builds and tests highly granular calorimeter prototypes to evaluate the performance of such detectors for future physics experiments. The collaboration has built several prototypes for electromagnetic and hadronic calorimeter concepts, using different designs, steel or tungsten absorbers and silicon, scintillator or gas detector readout. These prototypes and their performance are discussed in a separate contribution to this conference [1] . Currently the following large scale (~1 m 3 ), high granularity (1 × 1 cm 2 -3 × 3 cm 2 ) prototypes exist; a scintillator-steel electromagnetic calorimeter (ScECAL), a silicon-tungsten electromagnetic calorimeter (Si-W ECAL), scintillator-steel and scintillator-tungsten analogue hadronic calorimeters (Fe-AHCAL and W-AHCAL), a digital hadronic calorimeter (DHCAL) and semi-digital hadronic calorimeter (SDHCAL) with steel or tungsten absorber and gaseous readout, and a scintillatorsteel tail catcher and muon tracker (TCMT).
CALICE prototypes also facilitate the improvement of the understanding of hadronic showers. A good understanding of hadronic showers is needed for the development and optimisation of Particle Flow Algorithms [2, 3] . These algorithms exploit the high granularity of the calorimeters to reach a very good jet energy resolution needed for precision physics [4, 5, 6] . Hadronic showers have a complex structure and are theoretically not as well understood as electromagnetic showers. Because of the high granularity of CALICE prototypes, they offer an unprecedented detailed view of hadronic shower structures, which can be used to improve modelling in GEANT4 [7] .
CALICE prototypes have been operated in hadron test beams at CERN, DESY and Fermilab, which has resulted in large data samples with precise three-dimensional information on hadronic showers. The collaboration has evaluated the shower energy, shower shape, substructure and time structure of hadronic showers for different particles over a large energy range. In this conference contribution selected results from recent CALICE studies are shown.
Simulation of hadronic showers
Within GEANT4 several theory-driven and phenomenological hadronic interaction models are available [8] . These models are combined into so-called physics lists, where they are applied to specific energy ranges. At low energy ( < 10 GeV) there are e.g. the Bertini Cascade model (BERT) and the binary cascade model (BIC). For higher energy there is e.g. the Fritiof String Model (FTFP) and the Quark Gluon String Model (QGSP). Smooth transitions between models are achieved over a certain energy range by randomly choosing one of the models on an event-by-event basis with a probability that varies linearly with the energy in the transition interval. The name of the physics list indicates which models are combined in it. For the last 5 years the most successful physics lists have been QGSP_BERT and FTFP_BERT. The latter is currently the recommended physics list for hadronic shower simulations for the LHC [9] .
Comparison of hadronic showers in simulations and data
In the Si-W ECAL prototype, which has a total thickness of approximately 1 interaction length, the fraction of pions that have interacted and started an hadronic shower has been identified based on an algorithm to find the position of the first hadronic interaction [10] . This fraction is shown in Fig. 1a together with the predictions of several physics lists which are close to the data, but overestimate in the range from 6 GeV to 10 GeV.
From the distribution of the position of the first hadronic interaction, the interaction length of the incoming particle can be reconstructed. It has been determined for pions and protons in the Fe-AHCAL [11] . Figure 1b shows the pion interaction length. The agreement of the simulations with the data is at the 5% level. The energy deposited in the calorimeter by an incoming hadron is consistent with linearity for energies between 10 GeV and 100 GeV for pions and protons in e.g. the Fe-AHCAL [12] and the W-AHCAL [13, 14] . The Monte Carlo simulation describes the data to better than 10%.
The width of hadronic showers is evaluated by the radial energy distribution, the energy density as a function of the radial distance to the shower centre of gravity, shown in Fig. 2a for pions at 9 GeV measured in the W-AHCAL [14] . From these kind of profiles the mean shower radius is extracted. At low energies simulations in the Si-W ECAL have shown that this observable is sensitive to the model transitions in the physics lists [10] . There is clear discontinuity between the measurement points at 4 GeV and 6 GeV in the FTFP_BERT physics list (the transition from BERT to FTFP occurs between 4 GeV and 5 GeV), and a milder one between the 8 GeV and 10 GeV points for QGSP_BERT (the transition between BERT and LEP occurs between 9.5 GeV and 9.9 GeV) as can be seen in Fig. 2b .
At higher energies (above 10 GeV) the mean radius decreases with energy, because of the increase of the electromagnetic component of the hadronic shower, which is more compact. Similar behaviour is seen for pions and protons [14, 11] , although proton induced showers tend to be wider and longer than pion induced showers, due to their smaller electromagnetic shower component. Figure 2c shows the mean shower radius for protons in the energy range of 10 to 80 GeV. The high level of agreement, generally within 20%, between simulations and data is due to many recent improvements in the models, to which CALICE data has also contributed. Still, improvements are possible as the simulated showers are about 10% denser than real showers. The best physics lists to describe this observable are FTFP_BERT and FTFP_BERT_HP.
The depth of hadronic showers is evaluated by the longitudinal energy profile, shown for 10 GeV pions in the Si-W ECAL in Fig. 3a , for 10 GeV protons and 9 GeV pions in the W-AHCAL in Fig. 3b and Fig. 3c . For the Si-W ECAL the profile is evaluated from the start of the shower, which means the x-axis represents the shower depth. The accuracy of the Monte Carlo simulations depends on the physics list used, as can be seen in Fig. 3b where QGSP_BIC_HP clearly performs less well than the other physics lists, but also on the version of GEANT4, as can be seen in Fig. 3a .
For the Si-W ECAL the newer version of GEANT4 actually gives a worse description of the data. This has only been observed for silicon as active material. Unexpected discrepancies like this are valuable input in improving the models in GEANT4. Just like for the radial distributions, the longitudinal centre of gravity can be extracted from the profiles. Simulations of this observable were found to reproduce the data very well, e.g. by FTFP_BERT for the Fe-AHCAL, while QGSP_BERT underestimates the data in the same prototype [11] . Longitudinal energy profile for protons at 10 GeV (b) and pions at 9 GeV (c) measured in the W-AHCAL [14] . In all three figures several physics lists (GEANT4.9.6p01) are compared to the data.
The longitudinal shower profile, evaluated from the shower starting position, can be parametrised by a two-component function, as is illustrated in Fig. 4a for pions in the Fe-AHCAL [15] .
These two components show behaviour that can be associated to radiation length, and thus the electromagnetic part of the shower, and interaction length, and thus the pure hadronic part of the shower. From these fit results the ratio of the hadronic to the electromagnetic response can be estimated. It is shown in Fig. 4b for different energies and compared to results from other experiments (ATLAS and CDF) [16] . FTFP_BERT describes the data best below 30 GeV, at higher energies both the shown physics lists overestimate the data. The time structure within hadronic showers has been measured by the dedicated experiment T3B [17] . These studies are motivated by the fast event rates and pile up at the proposed CLIC accelerator, which makes timing cuts essential to reduce background. The arrival time of signals in a small strip of scintillators was measured with nano second resolution, at the end of the W-AHCAL and SDHCAL, with tungsten and steel absorber, respectively. Figure 5a shows the delayed signals, arriving later than 8 ns, that are due to slow neutron processes. This delayed signal is more pronounced in tungsten than in steel, as expected because of the larger number of neutrons in its nucleus. In the comparison of Monte Carlo to data, shown in Fig. 5b for 60 GeV hadrons in tungsten, it is clear that only the physics lists that incorporate a high precision treatment of low energy neutrons, QBBC and QGSP_BERT_HP, are able to reproduce the data accurately. For steel the high precision modelling has much less influence. These results have validated the fast detailed neutron treatment as implemented in QBBC, which is now standard in all physics lists starting from GEANT4 version 10.0.
The detailed 3-dimentional data provided by highly granular calorimeters give access to the tree like structures of hadronic showers, where regions of high activity are connected by minimum ionising particle tracks. These tracks can be reconstructed both in data and simulations. A comparison of the number of tracks inside the shower has been made for e.g. pions in the SDHCAL [18] and Fe-AHCAL [12] as illustrated in Fig. 6a and Fig. 6b . The physics list QGSP_BERT reproduces the data best (within 5%). This level of detail in shower modelling aids in the 2-particle separation in Particle Flow Algorithms, which is an important constraint on the energy resolution that can be achieved by future experiments. Figure 6 : The number of reconstructed tracks in (a) the SDHCAL [18] and (b) Fe-AHCAL [12] . Several physics lists ((a) GEANT4.9.6p01, (b) GEANT4.9.4p02) are compared to the data.
Summary and Conclusion
In this conference contribution selected results of detailed measurements of hadronic showers recorded by the CALICE ECAL and HCAL prototypes are shown. The comparison of these detailed 3-dimentional measurements to GEANT4 models helps to improve the accuracy of hadronic shower simulations. Current models reproduce the data within 5 to 20%, depending on the physics list and version of GEANT4. Generally, QGSP_BERT and FTFP_BERT perform best. The high precision (HP) treatment of neutrons is needed when simulating scintillator-tungsten prototypes. The high level of detail that can be reproduced by modern simulations support the theory-driven approach adopted by the GEANT4 developers. The full potential of the CALICE data has not yet been exploited and increasingly detailed studies are undertaken. This has the potential to lead to even better simulation models in future.
